ABSTRACT. Members of the GRAS gene family are important transcriptional regulators. In this study, 21 GRAS genes were identified from tobacco, and were classified into eight subgroups according to the classification of Arabidopsis thaliana. Here, we provide a preliminary overview of this gene family in tobacco, describing the gene structure, gene expression, protein motif organization, phylogenetic analysis, and comparative analysis in tobacco, Arabidopsis, and rice. Using the sequences of 21 GRAS genes in Arabidopsis to search against the American tobacco genome database, 21 homologous GRAS genes in tobacco were identified. Sequence analysis indicates that these GRAS proteins have five conserved domains, which is consistent with their counterparts in other plants. Phylogenetic analyses divided the GRAS gene family into eight subgroups, each of which has distinct conserved domains and biological functions. Furthermore, the expression pattern of these 21 GRAS genes reveals that most are expressed in all six
INTRODUCTION
Belonging to a family of plant-specific transcription factors, the name GRAS originates from the first three proteins of this family that were functionally characterized in Arabidopsis, GIBBERELLIC ACID INSENSITIVE (GAI), REPRESSOR OF GAI (RGA), and SCARECROW (SCR) (Di Laurenzio et al., 1996; Peng et al., 1997; Silverstone et al., 1998) . GRAS proteins typically consist of 400-770 amino acid residues (Bolle, 2004) . The N-terminal region of GRAS proteins is variable, whereas the C-terminal sequence is highly conserved, and contains five motifs; leucine heptad repeat I (LHRI), VHIID, leucine heptad repeat II (LHRII), PFYRE, and SAW (Pysh et al., 1999; Bolle, 2004) . It is noted that the conserved domains in the C-terminus are related to transcriptional regulation; however, the N-terminus targets the downstream proteins and determines the specificity of function (Sun et al., 2011) . The GRAS protein family can be divided into eight subfamilies that have been named either after their members or after a common motif: DELLA, HAM, LISCL, PAT, LS, SCR, SHR, and SCL3 subfamilies (Tian et al., 2004) . Consistent with other transcriptional regulators, most GRAS proteins are nuclearlocalized; however, PAT1 and SCL13 are localized to the cytoplasm, although SCL13 can also be detected in the nucleus (Bolle et al., 2000; Torres-Galea et al., 2006) .
The GRAS gene family has been studied intensely for more than a decade, and new members have been gradually identified in recent years. To date, at least 33, 60, and 48 GRAS genes have been identified, respectively, in the whole genome of Arabidopsis, rice, and Chinese cabbage, many of which have been functionally characterized (Tian et al., 2004; Itoh et al., 2005; Lee et al., 2008; Tong et al., 2009; Song et al., 2014) . Furthermore, two GRAS proteins have already been described in the model legumes Medicago truncatula and Lotus japonicus (Kalo et al., 2005; Smit et al., 2005; Heckmann et al., 2006) . The functions of these GRAS proteins are related to diverse processes involved in plant growth and development. These range from gibberellic acid signaling (Peng et al., 1997; Silverstone et al., 1998; Peng et al., 1999; Ikeda et al., 2001) , shoot meristem maintenance (Stuurman et al., 2002) , root radial patterning (Di Laurenzio et al., 1996; Helariutta et al., 2000) , light signal transduction (TorresGalea et al., 2006) , male gametogenesis (Morohashi et al., 2003) , axillary meristem formation (Schumacher et al., 1999; Greb et al., 2003; Li et al., 2003) , and nodule morphogenesis (Kalo et al., 2005; Smit et al., 2005; Heckmann et al., 2006) .
Nicotiana tabacum is one of the most widely cultivated non-food crops worldwide and is grown in about 120 countries. Given its significant economic value and distinct biological properties, tobacco has been studied as a model plant organism for fundamental biological processes (Zhang et al., 2011) . However, the GRAS proteins of tobacco are poorly characterized despite the important roles of these proteins in plant growth regulation. So far, only NtGRAS1 (GenBank No. DQ449940.1) and NtLS (GenBank No. AF098674.1) have been characterized in tobacco (Czikkel and Maxweel, 2007; Tai SS, Chen YQ, Wang L, Wang WF, et al., unpublished results) . Thus, the investigation of GRAS genes in tobacco is timely. In this study, we report attempts to isolate GRAS genes from tobacco and provide an initial evaluation of the tobacco GRAS genes. Using the homology-based method, we isolated 21 homologous GRAS genes in tobacco. We aligned the GRAS proteins of tobacco with those of other plants, performed a phylogenetic analysis, and calculated the value of nonsynonymous (K A )/synonymous (K S ) substitution rate. We also analyzed the expression patterns of these GRAS genes in tobacco using semi-quantitative reverse transcription polymerase chain reaction (RT-PCR). This study provides useful resources for further investigation on the structure and function of GRAS proteins in the regulation of tobacco growth.
MATERIAL AND METHODS

Plant materials
The cultivated variety of tobacco, K326, was planted and cultivated in a greenhouse under natural conditions. During the vegetative period, shoot tips (ST), lateral roots (LR), stems (S), and leaves (L) were collected from K326 plants; in the reproductive stage, flower buds (FB), and blooming flowers (F) were sampled from the plants. The samples were immediately frozen in liquid nitrogen, then total RNA was extracted from each organ and stored at -70°C after purity and integrity were determined.
Identification of GRAS genes
To isolate GRAS genes from tobacco, the sequences of 21 GRAS genes from Arabidopsis were downloaded from The Arabidopsis Information Resource (TAIR, http://www. arabidopsis.org/) (Tian et al., 2004; Lee et al., 2008) . With the sequences of GRAS proteins from Arabidopsis as queries, the tBLASTn program was used to search against the American tobacco genome database (Sierro et al., 2014) . Default parameters were used in the tBLASTn analyses, and false hits were removed by manual inspection. The ORF Finder (http://www. ncbi.nlm.nih.gov/gorf/gorf.html) was used for open reading frame (ORF) prediction of tobacco GRAS genes. To perform comparative analysis of genomic organization of GRAS genes among tobacco, Arabidopsis, and rice, the sequences of homologous genes in rice were retrieved from the NCBI database (http://www.ncbi.nlm.nih.gov/).
Sequence alignment, phylogenetic analysis and K A /K S Alignment of 23 GRAS proteins in tobacco (NtGRAS1, NtLS, and 21 newly identified GRAS proteins) was performed to analyze the organization of protein motif, using the ClustalX2.0 program and was subsequently adjusted manually (Thompson et al., 1997) . The sequence information of 33 previously reported GRAS proteins of Arabidopsis, 7 of tomato, 5 of rice, and 9 of other plants was retrieved from TAIR and NCBI. Including 23 GRAS proteins of tobacco, sequence alignment of 77 GRAS proteins was made using the ClustalX2.0 program. The phylogenetic tree was constructed by the neighbor-joining (NJ) method using a human (Homo sapiens) STAT protein (HsSRC; NP004374) as an outgroup (Lee et al., 2008) . Bootstrap analysis was conducted to measure node robustness using 2000 replicates (Felsenstein, 1985) . The ratio of K A /K S was calculated on the PAL2NAL web server (http://coot.embl.de/pal2nal/), which uses the codeml program of PAML to estimate K A and K S (Yang, 1997; Yang and Nielsen, 2000) .
Semi-quantitative RT-PCR analysis
Semi-quantitative RT-PCR was performed to uncover the expression patterns of 21 new full-length GRAS genes in different organs of tobacco. Total RNA from ST, LR, S, L, F, and FB from tobacco were isolated using the GeneJET Plant RNA Purification Mini Kit (Thermo Fisher Scientific Inc., USA). Residual genomic DNA contamination was removed with DNase I and an RNase inhibitor (TaKaRa Biotechnology Co., Ltd., Dalian, China). Extracted RNAs were used as templates for synthesis of first-strand cDNAs using PrimeScript TM RT-PCR Kit (Perfect Real Time, TaKaRa Biotechnology Co., Ltd., Dalian) according to the product manual. Gene-specific primers for RT-PCR were designed according to the sequences of 21 NtGRASLs (Table 1 ). The specific primer pair (ATTAGGCCTGATGGGACGAA/ GGCAACGTCCAAAGCATCAT) of the tobacco NtL25 gene (ribosomal protein-coding gene, GenBank No. L18908) was used as an internal control. Reactions were performed with TaqHS Polymerase (TaKaRa Biotechnology Co., Ltd., Dalian) on a TaKaRa PCR Thermal Cycler Dice TM , with the following profile: 94°C for 3 min, 35 cycles of 10 s at 94°C, 30 s at 55°C, and 1 min at 72°C.
Gene name
Forward primers Reverse primers 
RESULTS
Isolation of tobacco GRAS genes
To identify GRAS genes from tobacco, we used the sequences of 21 GRAS genes in Arabidopsis to search against the American tobacco genome database. As a result, we isolated 21 homologous GRAS genes in tobacco, that is to say, each GRAS gene in Arabidopsis had a single orthologous gene in tobacco. Isolated tobacco GRAS genes all possessed complete ORFs, and encoded proteins all contained 407-755 amino acids ( 
Names of GRAS genes in Arabidopsis and rice are adopted from a previous report (Tian et al., 2004) . The tobacco GRAS genes are named with the prefix NtGRASL. "N" indicates no introns in ORF. "Y" indicates introns are in ORF. "-" means no close genes are found. The lengths of the predicted proteins are given as the number of amino acid residues. 
Features of tobacco GRAS proteins
Alignment of 23 GRAS proteins in tobacco showed that the order of conserved domains on the C-termini was similar, and the sequence variation was largely caused by different lengths of the N-terminus (Figure 1) .
The VHIID sequence is present in all NtGRASLs with the conserved pattern of proline-asparagine-histidine-aspartic acid-glutamine (P-N-H-D-Q), except for the substitution of a glutamine residue (Q) with a histidine residue (H) in NtGRASL14. The LHRI and LHRII domains, which are characterized by several leucine repeats can be divided into two units, A and B units. A conserved LXXLL pattern (Leu-Xaa-Xaa-Leu-Leu; Xaa is for any amino acid) occurred in A unit of LHRI motif in half of the NtGRASLs, such as NtGRASL3 (LKELL), NtGRASL4 (LKQLL), NtGRASL5 (LKQLL), NtGRASL9 (LLGLL), NtGRASL10 (LISLL), NtGRASL12 (LHHLL), NtGRASL13 (LVHLL), NtGRASL20 (LIHLL), and NtGRAS1 (LRGLL). The significance of this structure in plants remains unknown. Unit B of LHRI contains a putative nuclear localization signal (NLS), which is characterized by two basic residues (arginine or lysine) separated by 11 amino acids (Tian et al., 2004) . The NLS sequence was found in NtGRASL17 and NtGRASL18, the consensus of which was KVATYFAEALARR. Other GRAS proteins had few basic residues in the putative NLS region. In unit A of the LHRII motif, a few GRAS proteins were found to contain regularly spaced LHRs (LX6LX6L, where L is for leucine and X is for any amino acid) followed by several irregularly spaced leucine repeats, such as NtLS (LRRTGDRLAKFAHSL), NtGRASL11 (LLATGNRLRDFAKLL), NtGRASL10 (LVETGDRLAEFAEAL), and NtGRASL20 (LDQHAYVLTEEAEKL). Nonetheless, the LXXLL motif was rare in the latter part of LHRII. The LHRI-VHIID-LHRII sequence is involved in the binding of GRAS proteins to target nucleic acids or proteins (Hirsch et al., 2009; Hou et al., 2010) .
The PFYRE motif can be divided into three units: proline (P), aromatic phenylalanine and tyrosine (FY), and arginine and glutamic acid residues. An aspartic acid/glutamic acid residue that exists in the FY unit was conserved in almost all tobacco GRAS proteins. In addition, the sequences of the PFYRE motif were largely collinear and showed a high degree of similarity among tobacco GRAS proteins.
The SAW motif was found to be composed of two units, the RVER and W-W-W. RVER patterns were not conserved in all GRAS proteins. For example, NtGRASL14, 15 and 16 lacked this motif. The W-W-W unit included three subunits: W-G, L-W, and S-W. The three W residues were conserved in nearly all GRAS proteins. Although the roles of the PFYRE and SAW motifs are currently unknown, the absolute conservation of the residues in these motifs implies that these motifs are important for the functional and structural integrity of GRAS proteins.
Phylogenetic analysis of the GRAS gene family and calculation of K A /K S
Proteins with high sequence identity generally have similar functions across different species (Song et al., 2014) . Thus, the phylogenetic analysis of GRAS proteins from different plants will provide a solid foundation for functional studies of NtGRASLs in future.
The NJ method was used to construct a phylogenetic tree based on an alignment among 77 GRAS proteins (Figure 2 ). Eight distinct subfamilies HAM, LS, SHR, PAT, SCL3, DELLA, LISCL, and SCR were defined in this phylogenetic tree. The amino acid sequence of GRAS proteins was highly homologous within each subgroup, which suggests that each GRAS subfamily may share a common ancestral protein or similar functions. It is worth noting that NtGRASL12 formed an independent branch, suggesting that it is a unique GRAS gene in tobacco. AtGRAS-8 and NtGRASL10 were close to each other, and did not belong to any existing subgroups. The same was observed for AtGRAS-23/NtGRASL13.
The DELLA subfamily included two GRAS members from tobacco, NtGRASL17, and NtGRASL18. Their putative sequences contain the distinguished DELLA and TVHY(K) NP domains at the N-termini, which were reported to regulate GA responses in plants (Dill et al., 2001; Fu et al., 2002) . This result was different from that observed in another solanaceae plant, tomato, which had a single DELLA gene (Bassel et al., 2004) . The SCL3 subfamily included two members, NtGRASL20 and AtGRAS-5. These two proteins probably had similar biological functions; however, direct evidence remains forthcoming. The SCR subfamily, which plays a key role in radial pattern formation for roots and shoots, contained only one tobacco GRAS protein, NtGRASL9. As the first isolated GRAS member from tobacco, NtGRAS1 belongs to the LISCL subfamily. It was also the first functionally characterized member of this subfamily, and might be an important transcriptional regulator involved in the plant stress response (Czikkel et al., 2007 proteins, of which NtLS and NtGRASL11 are from tobacco. LAS, LeLs, DcLSLP, DgLsL, and MOC1 were orthologues, and have been reported to regulate shoot branching or tillering (Schumacher et al., 1999; Greb et al., 2003; Li et al., 2003; Yang et al., 2005) . NtLS, which was closely related to LeLS, is thought to be involved in the same process. NtGRASL14, 15, and 16 belong to the HAM subfamily and lack the RVER domain at their C-terminus. The first functionally characterized member of this subfamily, PhHAM, has been associated with shoot apical meristem maintenance in petunia (Stuurman et al., 2002) . The PAT subfamily was the largest branch in our phylogenetic tree, containing 19 members, seven of which are tobacco GRAS proteins. Among them, PAT1 was found in Arabidopsis during phytochrome A signal transduction (Bolle et al., 2000) ; CIGR1 and CIGR2 are thought to be involved in the elicitor-induced defense response in rice (Day et al., 2003) ; tomato GRAS proteins, SlGRAS1, SlGRAS2, SlGRAS6, and SlGRAS10 were also classified as members of this subgroup; however, SlGRAS4 belongs to the LISCL subfamily. The SHR subfamily included two members, SHR and NtGRASL6, whereas, the branches containing AtGRAS-16/NtGRASL8 and AtGRAS-18/NtGRASL7 were classified as part of this subfamily as they appeared to be closely related to SHR. Among them, only SHR has been studied in detail. Taken together, all 21 GRAS proteins from tobacco are distributed across eight subfamilies in a decentralized fashion.
Estimation of the K A /K S ratio is crucial to determine whether any selection pressure exists during gene evolutionary history. Based on phylogenetic analysis, we measured the K A and K S mutation rates of 13 pairs of putative GRAS orthologous genes between tobacco and Arabidopsis (Table 3 ). The results show that K A was lower than K S (K A /K S << 1) in 13 pairs of GRAS orthologs, which indicates that negative selection acted on amino acid mutations. Among them, there was a significant trend for purifying selection in NtGRASL3 and At-GRAS-24. Pairs of tobacco-Arabidopsis orthologs might correspond to well-conserved functions. However, only LAS has been functionally characterized among these genes. 
Gene pairs
K A K S K A /K S NtGRASL20
Expression analysis of GRAS genes in tobacco
In this study, we analyzed different expression levels of tobacco GRAS proteins in six tissues with semi-quantitative RT-PCR (Figure 3) . The transcript levels of 21 tobacco GRAS genes were obtained from at least one tissue. Interestingly, most GRAS genes were expressed at relatively higher levels in the tissues, for example, NtGRASL2, 3, 4, 5, 6, 7, 15, 16, 17, 18, 19 , and 20 were found to be expressed in all tissues. Nevertheless, several NtGRAS proteins exhibited tissue-specific expression. For example, NtGRASL10 is expressed only in the ST, L and LR; NtGRASL11 is only expressed in the ST, FB, and LR; NtGRASL21 was not detected in the LR; NtGRASL14 was not expressed in the L and LR; no expression of NtGRASL8 was observed in the shoot tip and leaf; NtGRASL9, however, was found in neither the F or L. The transcript level of NtGRASL1 in L was obviously lower than that in other tissues. Nt-GRASL12 and NtGRASL13 were expressed at relatively lower levels in all tissues. 
DISCUSSION
Isolating target genes in a plant using homologous sequences identified from model plants is an important and successful strategy. GRAS gene products play important roles in the physiology and development of higher plants. As a species, N. tabacum evolved through the interspecific hybridization of the ancestors of Nicotiana sylvestris and Nicotiana tomentosiformis about 2000 years ago. Thus, it can be speculated that abundant GRAS genes exist in N. tabacum. In this study, because of the lack of information on GRAS genes in tobacco species, we used a homology-based cloning method to investigate this further. Of 33 Arabidopsis GRAS genes, 21 were chosen to search against the American tobacco genome database, as they had been somewhat functionally characterized. We identified 21 GRAS genes in tobacco; however, more GRAS genes may be present within the whole-genome of tobacco. Here, we provide a preliminary overview of the GRAS genes in tobacco, including their sequence features, phylogenetic analysis, and expression profiles.
Studies on the sequence of 23 tobacco GRAS genes and their homologous genes in Arabidopsis and rice showed that the homologous genes had very similar genomic organizations, with or without introns. Identification of orthologous genes will facilitate the future study of their functions, as evidenced by NtLS/Ls/LAS/MOC1/DgLsL, SCR/PsSCR/ZmSCR, and GAI/RGA/SLR1/ZmD8/Rht1/SLN. Thus, according to the previous reports about LS, LAS, MOC1, and DgLs (Schumacher et al., 1999; Greb et al., 2003; Li et al., 2003; Yang et al., 2005) , NtLS is thought to be related to axillary meristem formation.
In the analysis of protein structure, tobacco GRAS proteins were also found to contain highly conserved motifs at their C-termini, whilst conservation of their N-terminal sequences is much lower. A conserved LXXLL pattern was found in the A unit of the LHRI motif in several NtGRASLs, which is different from previous reports suggesting that LXXLL occurred in the latter part of the LHRII motif (Sun et al., 2012) . The LXXLL pattern has been demonstrated to mediate the binding of steroid receptor co-activator complexes to cognate nuclear receptors in mammals (Heery et al., 1997) . Maybe the significance of this structure in plants is unique, but it remains unknown. Phylogenetic analysis has helped to reveal the evolutionary consequences of duplicated GRAS genes, such as occurs in GAI/RGA/RGL1/RGL2/RGL3. Twenty-one NtGRASLs that are distributed among eight GRAS subfamilies of confirmed that different genes might play different roles.
RT-PCR analysis revealed that most tobacco GRAS genes are expressed at relatively higher levels in some tissues, which indicates that these genes have important and extensive functions during tobacco growth and development. While several NtGRASLs exhibit tissuespecific expression, which suggests that various NtGRASLs may be involved in the diversification of morphological features. NtGRASL11 was notable for its expression profile being consistent with that of NtLS (Tai SS, Chen YQ, Wang L, Wang WF, et al., unpublished results), in the ST, FB, and LR. As NtGRASL11 also belong to the LS subfamily like NtLS (Figure 2) , we inferred that the expression patterns of LS subfamily members had similarities in tobacco, as well as the biological functions. It remains to be determined whether NtLS and NtGRASL11 are both involved in axillary meristem initiation.
In this study, we describe 21 GRAS genes in N. tabacum; however, more potential GRAS genes of tobacco have yet to be identified. The comparative and phylogenetic analysis of these GRAS genes will act as a first step towards their functional characterization.
